Oklahoma Agricultural Experiment Station 4, Stillwamr 74078-0425 AB~'RJ~GT Twenty-two nonlactating Hereford cows exhibiting normal eStrOUS cycles were fed either maintenance (M) or restricted (R) diets until most of the R cows became anestrus; R cows then were fed 160% of the M diet until estrous cycles resumed. Concentrations of progesterone, glucose, insulin and nonesterified fatty acids (NEFA) were determined in weekly blood samples. Blood also was collected frequently, before and after i.v. infusion of 300 ml of a 40% glucose solution, to evaluate responses in blood concentrations of glucose and insulin when cows were exhibiting normal estrous cycles, when R cows were initiating anestrus, during anestrus, and at the reinitiation of estrous cycles. Losses in BW and body condition score in R cows were associated with reduced (P < .01) concentrations of glucose and insulin and greater (P < .01) concentrations of NEFA in blood plasma compared with those of M cows. During normal estrous cycles, disappearance of infused glucose from plasma and concentrations of insulin in serum were similar for R and M cows. Glucose disappearance from plasma was retarded and serum concentrations of insulin remained increased for a longer time after glucose infusion in R at the start of anestrus compared with M cows (P < .01). Similarly, during anestrus, the rate of glucose disappearance was slower for R cows (P < .01). During refeeding of R cows, disappearance of infused glucose was similar for R and M cows. In conclusion, reduced concentrations of glucose and insulin and increased concentrations of NEFA in blood were associated with nutritional anestrus and the glucoregulatory effects of insulin were compromised during nutritional anestrus.
pregnancy rate (Wiltbank et al., 1964; Dunn and Kaltenbach, 1980; Selk et al., 1988) are altered when cows are subjected to reduced nutrient intake. Hypoglycemia has been associated with reduced fertility in beef and dairy cattle (McClure, 1968; Oxenreider and Wagner, 1971; Patil and Deshpande, 1979; Selk, 1986) . Concentrations of glucose in blood of animals may determine rate of steroidogenesis and gonadotropin synthesis and(or) secretion (Lynn et al., 1965; Sen et al., 1979) . Secretion of LH in cows was increased by infusion of glucose (Garmendia, 1986) or propionate (Rutter et al., 1983) . However, the mechanism by which nutrition influences reproduction has not been established in cows (McCaughey et al., 1985; Rutter and Manns, 1987) , ewes (Rutter and Manns, 1986) or gilts (Armstrong et al., 1986; Armstrong and Britt, 1987) .
Objectives of this study were 1) to determine the influence of nutrient intake and change in BW on concentrations of glucose, insulin and nonesterified fatty acids (NEFA) in blood of cows during cessation and resumption of normal estrous cycles and 2) to evaluate the influence of diet on concentrations of glucose in plasma and insulin in serum after glucose infusion.
Materials and Methods
Multiparous, nonlactating Hereford cows (n = 22) previously described by Richards et al. (1989) were used in this study. Cows had good to moderate (5.5 + .1) body condition scores (BCS; Spitzer, 1986; Wagner et al., 1988) and exhibited normal estrous cycles at the initiation of the study. A complete ration (12% CP and 2.25 Meal ME/kg) was fed for 41 wk. Eleven cows were assigned randomly to maintain (M) their initial BW and BCS, whereas the remaining cows were fed a restricted diet (R) to lose 1% of their BW each week until they became anestrus (absence of ovarian luteal activity and behavioral estrus). After 30 wk of the restricted diet, the R cows were fed 160% of the diet given M cows until their estrous cycles began again. Blood samples were collected by venipuncture from all animal at weekly intervals for 41 wk (Richards et al., 1989) .
Progesterone in weekly blood samples was quantified by RIA (Lusby et al., 1981) . Cessation of ovarian luteal activity was indicated by concentrations of progesterone less than 1 nghnl for more than 1 wk. Onset of ovarian luteal activity was considered to have occurred at the first two successive weekly bleeding dates when concentrations of progesterone were equal to or greater than 1 ng/ml. Body weight and BCS were determined weekly for 41 wk. Prior to weighing, water and feed were withheld from the cows for 16 h.
Blood samples were collected from six M and five R cows at four periods to assess 5Glucose No. 510, Sigma Chemical Co., St. Louis, MO. 6Lot GP 23, Miles-Yeda, Lts. Research Products, Elkhart, IN. disappearance of infused glucose and insulin secretion. Cows were sampled when R cows were exhibiting normal estrous cycles (after 5 wk of feed restriction), at the initiation of anestrus (after 20 wk of feed restriction), during anestrus (after 25 wk of feed restriction) and at the re-initiation of estrous cycles (after 6 wk of increased nutrient intake). Before each sampling period, two i.m. injections of 25 mg prostaglandin F2ot were given 11 d apart to all cows, to synchronize estrus if cows were exhibiting estrous cycles. Two days before sampling, polyvinyl cannulas were inserted into both jugular veins and cows were confined to stalls (1.2 x 2.1 m). Ten to 12 d after estrus, serum and plasma samples (10 ml) were collected at --60, -30 and 0 min before treatment. Cows then were given a bolus i.v. infusion of glucose (300 ml of a 40% glucose solution). Serum and plasma were obtained from the contralateral cannula every 15 min for the first 2 h after infusion and every 30 min thereafter for the next 2 h.
Concentrations of glucose and NEFA in plasma and insulin in serum were determined in all weekly samples. In addition, glucose and insulin were quantified in samples obtained before and after glucose infusion. Glucose was determined by an enzymatic colorimetric procedure 5. Intra-and inter-assay coefficients of variation (n --28 assays) were 3.1 and 2.6%, respectively. Concentrations of NEFA were quantified by a colorimetric procedure (Patterson, 1963) . Intra-and inter-assay coefficients of variation (n = 34 assays) were 16.5 and 11.0%, respectively.
Insulin in serum was quantified by a RIA described by Selk (1986) . Antiserum (guinea pig anti-bovine insulin) 6 to bovine insulin was used at a dilution of 1:40,000 and ovine antiguinea pig serum (1:20) was the second antibody. Intra-and inter-assay coefficients of variation (n = 6 assays) were 11.9 and 15.4%, respectively.
Analyses of variance were used to evaluate treatment effects on BW and BCS. Concentrations of glucose, insulin and NEFA were analyzed by split-plot analyses of variance. When a significant treatment x time effect existed, polynomial response curves for concentrations of blood constituents were tested for heterogeneity of regression. Standard errors at the mean of the continuous independent variable in weekly samples are reported as estimates of variation. 
Resul~
Percentage BW change, BCS change, ovarian luteal activity and estrous activity were reported previously (Richards et al., 1989) . Maintenance and R cows had similar BW and BCS when they were exhibiting normal estrous cycles. When R cows were initiating anestrus (after 20 wk of feed restriction) and when they were anestrous (after 25 wk of feed restriction), BW was less (P < .01) and they had reduced (P < .05) BCS compared with M cows. Normal estrous cycles and ovarian luteal activity resumed by 10 wk of realimentation.
All R cows displayed cyclic ovarian luteal activity and exhibited normal estrous cycles at the first frequent sampling period. During initiation of anestrus, 80% of the R cows had ovarian luteal activity. At the frequent bleeding during aneslrus, only one of five cows had ovarian luteal activity. During reinitiation of estrous cycles, 40% of the R cows had resumed normal cyclicity. Cows on the maintenance diet exhibited estrous cycles at all sampling periods.
Concentrations of glt~cose in weekly plasma samples were best described by a fourth-order polynomial regression equation (Figure 1) . Analysis of heterogeneity of regression indicated that concentrations of glucose were different for M and R cows (P < .01). Secondorder polynomial regression equations best described concentrations of insulin ( Figure 2 ) and NEFA (Figure 3 ) in weekly samples. Analysis of time trends indicated that concentrations of insulin and NEFA also were different (P < .01) for M and R cows. Compared with concentrations in M cows, concentrations of glucose in plasma and insulin in serum were reduced in R cows when they were initiating anestrus and during anestrus. In contrast, concentrations of NEFA in plasma of R cows were increased during these periods. Concentrations of glucose were not influenced by treatment but increased from a basal concentration of 68 5:1 to a mean of 206 + 11 mg% at 15 min after glucose infusion (Table  1) . Concentrations of insulin in serum at 15 min after glucose infusion were affected by treatment only when cows were initiating anestrus (Table 1) .
Regression curves for glucose disappearance and insulin response following glucose infusion during normal estrous cycles, initiation of anestrus, anestrus and reinitiation of eslrous cycles are given in Figures 4 and 5 , respectively. When M and R cows were exhibiting normal estrous cycles and had similar BW and BCS, disappearance of glucose from blood and concentrations of insulin after glucose infusion were similar (P > .10) and were best described by third-order polynomial regression equations.
When R cows were initiating anestrus, disappearance of infused glucose from plasma and concentrations of insulin in serum (Figures 4 and 5) were best described by third-and second-order polynomial regression equations, respectively. Nutritional treatment influenced (P < .01) disappearance of glucose and concentrations of insulin. Rate of disappearance of infused glucose was decreased and the period of insulin secretion was prolonged when R cows had lost enough BW and BCS to initiate anestrus.
During anestrus, concentrations of glucose were increased for a longer (P < .01) interval (Figure 4 ) after infusion of glucose in R cows compared with M cows. This response was similar to that observed during initiation of anestrus and was best described by a thirdorder polynomial regression equation. Response curves for concentrations of insulin in serum after glucose infusion during anestrus were not significantly different for R and M cows; however, mean concentrations of insulin over time tended to be greater (P < .12) in R ~C-~ARDS ET AL. Minutes After Glucose Infusion Figure 5 . Least squares regressions for concentrations of insulin in serum after glucose infusion. Cows were fed maintenance (+) or restricted (0) diem and samples were obtained during normal estrous cycles (SE = 1.3), initiating anestrus (SE = 1.4), anestrus (SE = 3.3), and re-initiating normal cycles (SE = 3.5).
than in M cows (7.3 vs 4.3 ng/ml, respectively).
During the refeeding period, rate of disappearance of infused glucose (Figure 4) was retarded in the R cows compared with M cows (P < .01). Response curves for concentrations of insulin after glucose infusion were not different for M and R cows; however, mean concentrations of insulin over time were greater (P < .08) in R than in M cows (6.0 vs 3.8 ng/ml, respectively).
Discussion
Nutritionally induced decreases in BW and BCS caused cessation of normal estrous cycles and lack of ovarian luteal activity in nonlactating beef cows. These results are comparable to those at anestrus caused by reduced nutrient intake in cattle (Imakawa et al., 1986; Johnson et al., 1987) and pigs (Armstrong and Britt, 1987) and amenorrhea in women (Frisch, 1985) .
Reduced concentrations of glucose and insulin in R cows when BW and body energy reserves were decreasing is similar to results of other studies with ruminants fed restricted diets (Trenkle, 1978; Rasby et al., 1982; Chang et al., 1984; McCann and Hansel, 1986) . Compared with those of M cows, concentrations of NEFA in plasma of R cows were greater when they were losing BW and BCS. Increased concentrations of NEFA in plasma of cows are an indication of a negative energy balance and fatty acid release from adipocytes (Bines and Hart, 1982) . Concurrent changes in concentrations of glucose, insulin and NEFA in weekly blood samples reflect the reduction in dietary energy intake. Reduced concentration of glucose in plasma presumably reduced secretion insulin and increased mobilization of NEFA from adipocytes. These alterations in plasma constituents were evident when R cows were initiating anestrus and continued throughout anestrus.
Maximal plasma concentrations of glucose after infusion were similar in M and R cows at all periods evaluated and were similar to those observed after glucose infusion into cows in other studies (Hove, 1978; McCann and Reimers, 1985; Rasby, 1986) . Increased concentrations of glucose in blood cause release of stored insulin as well as synthesis of insulin by pancreatic 13-cells (Hove, 1978) . Insulin reached maximal concentrations within 15 min after glucose infusion at most periods evaluated. When R cows were initiating anestrus, however, maximal insulin release was less for R than for M cows (9.9 vs 15.3 ng/ml; P < .05).
As expected, when R and M cows had adequate body energy reserves and were exhibiting normal estrous cycles, disappearance of infused glucose and concentrations of insulin were similar for R and M cows. When R cows had reduced body energy reserves (BCS = 4.4) and were initiating anestrus, concentrations of glucose were increased more and concentrations of insulin remained greater for a longer time after glucose infusion compared with M cows. Similarly, lactating dairy cows on reduced feed intake had increased concentrations of glucose longer after infusion of glucose compared to cows with normal feed intake (Hove, 1978) .
Increased insulin concentrations in R cows without increased disappearance of glucose indicates that the glucoregulatory effects of insulin may be diminished or that there is insulin resistance as anestrus approaches. Insulin resistance can be caused by prereceptor, receptor or postreceptor defects (Olefsky, 1982) . In adipocytes from fasted rats, the insulin receptor complexes were uncoupled from the glucose transport system (Kasuga et al., 1977) . Although more insulin was bound to adipocytes, glucose oxidation was greatly reduced.
Realimentation reversed the negative effects of feed reslriction on BW, BCS and regulation of glucose in plasma and caused re-initiation of normal estrous cycles. After several weeks of refeeding, concentrations of glucose and insulin in weekly samples from R cows were similar to those in M cows. However, concentrations of NEFA continued to decrease in R cows and remained less than those of M cows. Our results indicate that realimentation will restore metabolic homeostasis and normal reproductive function, similar to findings with heifers (Imakawa et al., 1986; Johnson et al., 1987) and gilts (Armstrong and Britt, 1987) .
Nutritional alterations in glucose availability or utilization may reduce gonadotropin secretion in cows and cause anestrus. Glucose may not enter body cells as effectively in thin anestrous cows as it does in cows with moderate body condition that exhibit normal estrous cycles. Concentration of glucose in pituitary gonadotrophs could regulate gonadotropin secretion. Sen et al. (1979) found that glucose was essential for GnRH-induced release of LH in rats. Brangus heifers, with propionate-induced increases in blood glucose, released more LH in response to GnRH than control heifers did (Rutter et al., 1983) . The number of LH pulses is reduced during initiation of anestrus in cows (Richards et al., 1989) . Garmendia (1986) observed that infusion of glucose increased the number of LH pulses and mean concentrations of LH during treatment with GnRH in lactating anestrous beef cows. Taken together, our results and those of Garmendia (1986) provide evidence that reduced nutrient intake causes a reduction in glucose in the plasma of cows, which results in inadequate concentrations of LH in serum to stimulate normal cyclic ovarian function.
Nutritional anestrus was associated with reduced concentrations of glucose and insulin and increased NEFA concentrations in the blood of cows. Because disappearance of infused glucose was prolonged and secretion of insulin was altered when R cows initiated anestrus, the entrance of glucose into cells may have been altered at that time. Concentrations of glucose and insulin in R cows were similar to those in M cows and R cows had regained adequate BW and BCS to re-initiate estrous cycles. Nutritionally induced anestrus has been associated with a decrease in frequency of LH pulses (Richards et al., 1989) . The mechanism by which nutrient deprivation regulates estrous
